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Project Context: 

- Poten#al Energy Savings from Direct‐DC in U.S. 
Residen#al Buildings 
o 30‐year na#onal energy savings poten#al 

 Rapid increase in penetra#on of building‐sited PV 
  Need for on‐site energy storage 

o Relevant context for foreseeable future  

    PV in net‐metered houses (not off‐grid) 
o Emergence of electric vehicles 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Main dis,nc,ons between this work 
and prior studies 

1.  Energy impacts determined for net‐metered system 
accoun,ng for ,ming of the load (complexity) 

–  Directly determines if DC power is used directly 
–  or if AC‐grid power must be rec,fied to supply DC load 

2.  Includes electricity storage 
3.  Detailed considera,on AC vs. DC end‐uses 
4.  Clearly dis,nguishes energy savings from  

–  increased adop,on of DC‐based technologies (which can 
be run of AC or DC) versus 

–  direct‐use of DC power 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BATTLE of the Currents  

First power systems were based on DC 

DC was Implemented with small, distributed power plants 
      

               AC enabled long distance power 
transmission 

Westinghouse Edison 
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What is “Direct‐DC”? 

Providing power directly from a DC source to end‐uses 

But not that simple in real houses. 

~5% 
~10‐35% 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1.  Increased use of DC products 
  DC‐internal products (currently run on AC), 

among most efficient on market 
  Consumer electronics 

  Electronic ligh,ng 

  DC motors (brushless), especially with variable speed 
drives 

  And Electric Vehicles (DC)  
  Nissan Leaf, Chevy Volt, Tesla Roadster 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2.  Rapid increase in U.S. residen#al PV 
installa#ons 
  >20% yearly growth rate between 2000‐2010 
  Other renewable DC sources: Small Wind, Micro Hydro (<5% of market share) 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3.  Emergence of DC power standards 

  EMerge Alliance: 24V standard, 380V coming 

  Products that meet the EMerge 24V standard: 
  Ceiling suspension system enables DC distribu,on without 

addi,onal wiring (Armstrong)  

  Direct‐DC ligh,ng with PV (Nextek Power Systems) 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4.  Demonstrated energy savings in DC data centers 
(Ton, Fortenbery and Tschudi, 2007) 

  Eliminated DC/AC, AC/DC conversions between UPS and PSU 

  Demonstrated 7.2 – 28.2% energy savings, depending on system conversion 
efficiencies  

380V‐DC 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  Given the uncertain,es inherent in 
fundamentally new technologies, and to 
determine whether more research is jus,fied, 
we wanted to es,mate: 
  How much energy can Direct‐DC save at the 

house level? 
  How much will it save under different 

scenarios? 
  Energy storage  
  Shiied house loads  
  Add electric vehicle load 

  Consider effects of  
  climate 
  power conversion efficiencies (AC/DC, DC/AC, DC/DC) 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Hypothe#cal Household: 
 Rooiop PV system 
 Grid‐connected 
 With net‐metering 

Model 
Development 

Inputs:  
Load data  

 &    
PV output 

Model 
Scenarios 

Outputs: 
Energy 
Savings 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INPUTS: Residen,al load data (simulated)  &  PV output data 
for 14 U.S. ci,es from NREL’s Solar Advisor Model (SAM) 
  Both are average hourly data (8760 data points for 1 year) 
  Opportunity to test effect of climate 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Dis#nguished cooling from non‐cooling Loads 
  Cooling load: Most significant load, influenced by solar irradiance 

  Load shiiing analysis: 2‐hr shii (pre‐cooling, house = thermal storage) 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AC‐house versus DC‐house energy Use 

AC House 

  PV system sized for zero‐net electricity in the AC‐house  

•  Same PV system on the DC house 
  AC and DC‐house loads iden#cal, except for power converters. 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Power losses (Conversion efficiencies) 

AC House 

5% 

13% 

10% 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Sources of power loss data   

  Power system components: CEC data, Equipment spec 
sheets, Industry experts 

  Appliance AC‐DC Converters: Energy Star, 80plus data 

25 

    Example: Appliance converter data 

 Best in class 
efficiencies 



Note on power converters 

  Their efficiencies vary for full‐load versus par,al‐load condi,ons 

  Model assumes:  
  full‐load for base case and  

  par,al load for sensi,vity analysis 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House loads modeling 

  Iden,cal loads for AC & DC house  
      (except AC‐DC converters) 

•  Assumed DC‐internal appliances in AC‐house 

•  Since DC loads are generally more efficient, we modified today’s AC load to 
reflect those savings 

•  DC‐house load = DC‐part of AC‐house load 
  Subtracted off AC‐DC conversion efficiencies 

•  Used aggregate loads for model input 

  Cooling 

  Non‐cooling  

•  High and low voltage for DC house 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Appliance analysis for model inputs (running on AC) 
•  To determine what end‐uses can run on DC, we iden,fied DC‐based 

technologies that provide the internal func,ons within appliances 
•  Determined energy savings inherent in switching to DC 
•  Considered 32 household end‐uses 

Func#ons w/in Appliances  DC‐Internal Best Technology  Energy  Savings rela#ve to 
Standards 

Ligh#ng  Electronic (fluorescent & 
LED) 

73% 

Hea#ng  Heat pump operated by 
BDCPM (for space and 
water) 

50% 

Cooling  BDCPM opera#ng variable 
speed  

30% – 50% (for VSD) 

5‐10% (motor, depending on 
size) 

Mechanical work (fluids or 
solids) 

BDCPM  5 – 15% 
(depending on size) 

Cooking  Induc#on cooker  12% 
Intelligence (computa#on)  Same  0 

Notes: BDCPM = brushless DC permanent magnet motor; VSD = variable speed drive 28 



Model runs 

29 

  Switch to more efficient, DC‐internal appliances: 
  All end‐uses can run on DC 
  37% energy savings for cooling loads (weighted average) 
  33% energy savings for non‐cooling loads (weighted average) 

  Direct‐DC energy savings exclude the savings from switching to  
 DC‐internal appliances other than the AC‐DC power conversion 



How the model calculates savings 
  Determinis,c spreadsheet model 

  Tracks the hourly impact of net electricity at the electric meter for both houses 

  The reported energy savings are the direct‐DC savings as percent of total  
 AC‐ house load for each city 

30 

AC House 

AC vs. DC house energy use 



  Introduction 
  Background 
  Why use direct­DC in residential buildings? 
  Objectives 

 Methods 
  Overview 
  Model inputs 
  Model development 
  Model scenarios 

  Results 
  All scenarios 
  Sensitivity analysis 

  Conclusions 
  Discussion & future research recommendations 

31 

Modeling Outline 



32 

Without electricity storage 

1a.  Average residen,al load 

Six house configura#ons 

    With electricity storage 

1b.  Average residen,al load 

2a.  Shiied average residen,al load 

3a.  Average residen,al load & EV 

2b.  Shiied average residen,al load 

3b.   Average residen,al load & EV 

Base Case Configura#ons 



Configura#ons with storage, load shiling & electric vehicle 
 ASSUMPTIONS 

  Bapery only charged by PV 
  EV acts only as a DC load (EV bapery does not provide storage 

for house)  
  Bapery and EV charging voltage: 380V‐DC  
  Load shiiing : Pre‐cool by 2hrs 

33 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Electric vehicle & storage assump#ons 

34 

 Electric vehicle: 
  EV bapery capacity based on Nissan Leaf (24kWh) 

  8 kWh average charging each night 

  Charging occurs at night (10 pm – 5am) 

  The PV system size remains the same (no longer net‐zero energy AC‐house) 

 House storage system: 
  Minimum charge: 2kWh 

  Maximum charge: 10kWh 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Average residen#al load without (1a) & with storage (1b) 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Average residen#al load without (2a) & with storage (2b) 

Cooling load shiled 2hrs earlier 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Average residen#al load with EV 
without (1a vs. 3a) & with storage (1b vs. 3b) 

Because EV is assumed to be charged at night it is not a direct DC load, 
therefore reduces frac#onal (not absolute) direct‐DC savings 

No EV 
With EV 

No EV 

With EV 
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1. Consider technology Improvements 
A.  Improve AC‐house AC/DC appliance converters efficiencies 

40 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1. Consider technology Improvements 

42 

Efficiencies Non‐storage 

savings 

Storage 

savings 

         Base case efficiencies 7.4% 12.8% 
A.  Improve DC‐house power converter 

efficiencies  9.3% 13.7% 
B.  Improve AC‐house AC/DC appliance 

converters efficiencies  4.0% 9.3% 

  Given that technology improvements are likely to proceed together, the 
rela#ve effects are likely to cancel each other out. 



2. Consider Par#al Load Condi#ons 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2. Consider Par#al Load 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Conclusions 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The following had a negligible effect on Direct‐DC savings:  

-  Climate 

-  Load shiiing  
-  EV load (assuming night‐,me charging)  

What did maner 

-  Timing of load versus insola,on  

•  high poten,al for large day,me loads  

•  space cooling and day,me EV charging (commercial) 

-  Rela,ve conversion efficiencies 

•  of the AC and DC power system components and the load 

-  Part load efficiencies 



- Essen,ally all end‐uses are DC‐compa,ble 
•  Switching to DC‐internal appliances will result in 
major savings ~35% (whether they are run on AC or 
DC) 

•  Trend is already occurring 
- Direct‐DC could save energy in net‐
metered houses with PV 
•  Modest without storage (~5%). 
•  Meaningful with storage (~9% or more) 

Major Findings 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Discussion 

•  Results consistent with but not directly 
comparable with the results of others 
–  Baek et al 2010 (University of Seoul) 1‐3% savings 

•  Considered temporally variable load, but not net‐metered 

–  Savage et al 2010 (Yale Study) 25% savings 
•  Considers por,on of load, some DC‐internal, not ,ming 

– Arthur D Liple 2010 (NEDO, Japan) 5 – 25% savings 
•  Various scenarios of implementa,on including controls and 
DC‐internal effects 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Priori#es for Future Work 

 Model commercial sector (larger direct‐DC savings, 
beper coincidence between sun and load) 

 Beper load simula,on (real loads are spiky and 
,ming of load mapers)—should reduce es,mated 
savings poten,al 

Discussion 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To be con,nued? 

52 

EVossos@lbl.gov 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ADDITIONAL 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Storage System Performance in the AC and DC Houses 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DC/DC Power Supply Efficiency Curve 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